I N T RO D U C T I O N
The Japan Trench, where the Pacific Plate subducts beneath the North American Plate at a convergence rate of 85 mm yr -1 (Argus et al. 2011; Fig. 1a) , is one of the seismically most active regions around Japan (e.g. Hashimoto et al. 2009; Simons et al. 2011) . The 2011 M w 9.0 Tohoku-oki earthquake off the northeast coast of Honshu island (Japan, Fig. 1a ) induced huge coseismic slip (∼50 m) on the shallow portion of the megathrust in the Japan Trench subduction zone (e.g. Fujiwara et al. 2011; Yue & Lay 2011) , which caused an unprecedentedly devastating tsunami in Japan (e.g. Simons et al. 2011) . To understand the earthquake's physical mechanisms and dynamics, the Integrated Ocean Drilling Program (IODP) Expedition 343, the Japan Trench Fast Drilling Project (JFAST), was undertaken within 13 months after rupture of the earthquake (Chester et al. 2013a) . During this expedition, the plate-boundary fault zone (décollement) which accommodated the large slip of the Tohoku-oki earthquake, was penetrated and partly cored at Site C0019 (Fig. 1a) . The site is located approximately 93 km seaward of the main shock epicentre, and approximately 6 km landward of the trench axis.
Knowing how much temperature rise is induced by frictional heating during fault slip is important for our understanding of faulting mechanisms and to constrain earthquake energy budgets (Mair et al. 2006) . Other than direct borehole temperature measurements across a fault zone (e.g. Kano et al. 2006; Fulton et al. 2013) , recently developed alternative approaches to detect fault heating include fission track signatures (e.g. d 'Alessio et al. 2003) , trace element partitioning (e.g. Ishikawa et al. 2008) , thermal decarbonation (e.g. Han et al. 2007) , clay mineral reactions (e.g. Kuo et al. 2011) , vitrinite reflectance (e.g. Sakaguchi et al. 2011) , and biomarker thermal maturity (e.g. Savage et al. 2014) . The applicability of each of these methods is dependent on the lithology of the fault zone, and temperatures that are identifiable with most of these techniques are rather low, that is <250-300
• C (see also Section 5.3). This leaves the temperature range between frictional melting (generally >1000
• C) and 300
• C essentially unchartered. Here, magnetic mineralogy may be utilized advantageously. Magnetic minerals-more strictly ferrimagnetic minerals-magnetite (Fe 3 O 4 ), maghemite (γ -Fe 2 O 3 ), pyrrhotite (Fe 7 S 8 ) or greigite (Fe 3 S 4 ), occur in trace amounts in any rock. Importantly, they can be measured down to very low concentrations, in the ppm-range, Yue & Lay (2011) . White arrow indicates the plate convergence vector (Argus et al. 2011) . (b) Seismic profile and overlain interpretation along Line HD33B [indicated in Fig. 1(a) ], showing location of site cored during IODP Expedition 343. Inset shows the lithology and recovery at cored interval of Hole C0019E (688.50-836.81 mbsf). The dark parts indicate core recovered, with adjacent numbers indicating core numbers [R indicates the core type (bit type), here rotary core barrel]. VE: vertical exaggeration, mbsl: meters below sea level (compiled from Lin et al. 2014) . (c) Core photos show sheared clay in plate-boundary décollement (Unit 4, core 17R) with sampling points marked by triangles. Yellow arrows indicate the locations of two faults identified by Kirkpatrick et al. (2015) . with today's sensitive magnetometers. Further, certain magnetic parameters are a function of grain size, so that grain-size dependent information can be retrieved from bulk samples, impossible with most other techniques (e.g. Dunlop &Özdemir 1997; Tauxe 2010) . For instance, grinding of a rock under the action of rupturing which would lead to fining of grain sizes is detectable in a bulk sample with mineral-magnetic means. The formation of these magnetic minerals is strongly temperature-dependent as well (Hirt et al. 1993; Hrouda et al. 2003; Spassov & Hus 2006) . So, small changes in the magnetic mineral content of a rock may be related to the peak temperature that rock has experienced. Under the conditions of interest here, magnetite is expected to be most important. For example, if a clay mineral (partially) reacts due to changes in temperature, the trace amounts of magnetite that are formed as a consequence can be measured. If a rock once has been heated to a certain temperature in nature, reheating to a lower temperature will not induce further change, actually the underlying rationale of all geothermometers. The minerals with higher decomposition/conversion temperatures would remain thermally stable. In general, the thermochemical expression of magnetic phases in a rock is reflected directly in temperature-dependent variations in mineral magnetic parameters, for example, the magnetic susceptibility (χ ) and so-called hysteresis loops. Hysteresis loops trace the magnetic response of a sample to an applied magnetic field gradually changing from say +1 Tesla to −1 Tesla (the same field strength in opposite direction) and back to +1 Tesla. For reference the strength of the Earth's magnetic field is ∼50 µT. Hysteresis loops contain information on the amount of the magnetite as well as on its grain size [for further explanation (and also of other principles and terminology) see the Appendix]. When a rock is heated again in laboratory, its magnetic mineralogy should not change unless it is heated over the maximum temperature it underwent in nature Spassov & Hus 2006) .
Relying on the aforementioned notions, here we present a method that exploits the temperature dependence of magnetic susceptibility (χ -T) during temperature cycles to increasingly elevated maximum temperatures to estimate the maximum temperature experienced by a fault. Low temperatures should result in reversible heating and cooling segments of χ -T runs. If the maximum temperature in the laboratory surpassed the natural heating experienced by a rock, the magnetic phases will be altered, that is either (partially) destroyed or, on the contrary, some neoformation of magnetic phases may occur. Both scenarios are leading to irreversible heating and cooling segments in χ -T runs. The amount of irreversibility can be substantial. It should be realized that cumulative temperature-time effects as a consequence of repeated rupture along a certain slip zone are very difficult to track by a laboratory-derived parameter. Therefore temperatures should be considered as an upper bound of the 'natural' temperature. Since the rupture duration is of the same order of magnitude as the time spent at the maximum temperature (minutes) during the stepwise χ -T runs, the temperatures determined are plausible. As a rock magnetic 'geothermometer', stepwise χ -T runs open up a new tool for detection of seismic frictional heating, predominantly in a temperature range that is not covered by other methods, and in lithologies where other methods might not be applicable.
A temperature anomaly (of ∼0.31 • C) attributed to frictional heating by the 2011 Tohoku-oki earthquake has been measured at the depth interval of 812-820 m below sea floor (mbsf) in Hole C0019D drilled in the Japan Trench plate-boundary fault zone during IODP Expedition 343, 16 months after the earthquake (Fulton et al. 2013) . Multiple localized slip surfaces have been identified in cored sediments Rabinowitz et al. 2015) . Through access to the cored material, here we demonstrate the efficacy of the χ -T 'geothermometer' for detecting frictional heating signatures of several earthquakes that have occurred along the plateboundary fault zone, which furthers our understanding of the energy dissipation by these earthquakes.
G E O L O G I C A L B A C KG RO U N D A N D S A M P L E S
Site C0019 is located at the toe of the frontal prism in the area of large shallow slip during the Tohoku-oki earthquake (Figs 1a and b) . Five holes were drilled; among them, Hole C0019B served for logging and measurement while drilling, while in Hole C0019D a miniature temperature logger observatory was deployed. Actual core segments were retrieved from Hole C0019E that is ∼30 m away from Hole C0019D along the trench strike. JFAST successfully drilled and collected approximately 55 m of discontinuous core at the interval of 175∼835 mbsf that spans the frontal prism, décollement and underthrust sediments (Chester et al. 2013a) . The sediments have been grouped into seven lithologic units (Fig. 1b) . Units 1-3 are prism sediments and comprise mainly mudstone and siliceous mudstone. Unit 4 mostly consists of strongly sheared clays. Units 5-7 are underthrust sediments; Unit 5 is brown mudstone; Unit 6 is pelagic clay; Unit 7 consists of laminar chert of yellowbrown and chocolate-brown colour. Chester et al. (2013a) provided detailed descriptions of each unit.
Among these units, Unit 4 (core 17R, depth interval: 821.5-822.5 mbsf) is comprised predominantly of sheared clay with a unique scaly fabric. One short interval of more competent mudstone occurs (Fig. 1c) , which is composed of ∼40 per cent silt and ∼60 per cent clay . Unit 4 separates the deformed sediments of the frontal prism above and the relatively undisturbed pelagic strata of the subducting Pacific Plate below, as demonstrated by structural and sedimentological observations (Chester et al. 2013a,b; Kirkpatrick et al. 2015) and anisotropy of magnetic susceptibility analysis (Yang et al. 2013) . It is interpreted as the plate-boundary fault zone with an estimated thickness of 4.86 m deduced from the distance the drill bit advanced (Chester et al. 2013a) . Core recovery of this zone was unfortunately only partial. Therefore, the recovered sediments do not necessarily contain the principal slip zone of the Tohoku-oki earthquake (Chester et al. 2013b; Kirkpatrick et al. 2015) . The scaly clay displays two distinct colours: bright reddish orange-brown and dark chestnut brown to almost black. Both coloured zones are dominated by smectite (>70 per cent) (Kameda et al. 2015) ; compositional differences are likely due to higher contents of Fe or Mn oxides in the dark brown clay .
At least four discrete slip surfaces have been identified or inferred within the upper part of the core 17R by Kirkpatrick et al. (2015; Fig. 1c ): Fault A is defined as a ∼1-cm-thick zone located ∼3-4 cm from the top of core, where the spaced cleavage is obliterated, and the clay is composed of equant, ≤1 mm long, angular blocks with no preferred orientation. Fault B is defined by a sharp contact between the orange-brown and dark brown clays ∼16 cm below the top of core. In addition, two tectonic contacts at the upper and lower boundaries of the mudstone interval are also inferred to be faults, which are obscured by drilling disturbance .
In this study, 29 samples were collected from Units 3, 4 and 5, including ten samples from the interval of 810.15-819.51 mbsf in the frontal prism sediments of Unit 3, ten samples from Unit 4, and nine samples from Unit 5 underthrust sediments in the interval of 824.37-832.83 mbsf. Within Unit 4, the plate-boundary fault zone, four samples were collected from different distances to Faults A and B (Fig. 1c) : C17R-1 (0.5 cm above Fault A), C17R-2 (7.5 cm above Fault B), C17R-3 (2.5 cm above Fault B) and C17R-4 (6.5 cm below Fault B). The six other samples include C17R-5 from the central part of the mudstone interval, while C17R-6 through C17R-10 are collected from the lower part of core 17R.
M E T H O D S
All samples' low (976 Hz) and high (15616 Hz) frequency magnetic susceptibilities (χ lf and χ hf , respectively, expressed on a massspecific basis) were measured with an MFK1-FA Multi-Function Kappabridge susceptometer (AGICO, Brno, Czech Republic) with a detection limit of 2×10
−8 SI and a measurement accuracy of 0.1 per cent, at a field intensity of 200 A m -1 (peak-to-peak). Frequency dependence of magnetic susceptibility (χ fd per cent) was calculated as at Universiteitsbibliotheek Utrecht on October 17, 2016 http://gji.oxfordjournals.org/ Downloaded from χ fd per cent = [(χ lf -χ hf )/χ lf ]×100. χ lf is taken as the mass-specific low-field magnetic susceptibility (χ ). Magnetic hysteresis loops and back-field isothermal remanent magnetization curves were measured to determine the hysteresis parameters, coercive force (B c ), remanence coercive force (B cr ), saturation remanence (M rs ) and saturation magnetization (M s ) using a MicroMag TM Model 3900 vibrating sample magnetometer (VSM, Princeton Measurements Corp.). The maximum applied field was 1.0 T. First-order reversal curves (FORCs) were measured with the VSM 3900 to evaluate magnetostatic interactions and further assess the magnetic domain state. For each FORC diagram, 120 curves were measured with an averaging time of 0.5-1 second per data point and a field increment of 4 mT. FORC diagrams were processed using the FORCinel package (Harrison & Feinberg 2008) to identify regions of the FORC distribution.
The χ -T measurement of 18 representative samples was completed with a MFK1-FA Kappabridge susceptometer operating at a field of 200 A m -1 and a frequency of 976 Hz with a CS-4 hightemperature furnace attached to it. Samples were heated to 700
• C in argon of standard laboratory quality (the flow rate is about 100 ml min −1 ) with a heating rate of approximately 11
• C min -1 , and subsequently cooled to room temperature. To determine the temperature at which the magnetic mineralogy is altered during the experiment and to relate that to the temperatures generated by the seismic frictional heating, seven samples from the core 17R were subjected to partial heating/cooling thermomagnetic cycles to progressively increasing temperatures (subsequently to 200, 300, 400, 500, 600 and finally to 700
• C) referred to as 'incremental χ -T cycles'. A reversible incremental χ -T cycle implies that the maximum temperature of that cycle is lower than the temperature the sample experienced in natural conditions. This interpretation is subject to some further constraints. Many 'unheated' sediments will show irreversible χ -T cycles as well above certain temperatures, for example when organic matter is carbonized (T > 400
• C, e.g. Hanesch et al. 2006) or when pyrite alters to pyrrhotite in inert atmosphere (T > 500
• C, e.g. Tanikawa et al. 2008) . As will be shown later (Sections 4.1 and 5.1) fault slip leads to ultrafine magnetic particles with a high χ fd per cent and distinct hysteresis properties that are not measured for 'normal' sediment. Therefore the reversibility of χ -T cycles should be evaluated in conjunction with hysteresis parameters. To evaluate the amount of magnetomineralogical changes due to laboratory heating and calculate the reversibility of the heating and cooling runs for each maximum temperature, two alteration parameters are defined (Hrouda 2003; Spassov & Hus 2006) . The first one is termed δ χ ; it measures the relative change in χ after a given heating/cooling cycle. It is defined as:
where χ 0 and χ AH are the magnetic susceptibility before heating and after heating, that is the final value of the cooling branch, respectively. The second parameter is termed δ curve . It evaluates the reversibility of corresponding heating and cooling branches through measuring the area enclosed by the heating and cooling branches:
where χ h (T ) and χ c (T ) are χ values at temperature T on the heating and cooling branches, respectively. T 0 and T m are room temperature and the maximum treatment temperature for each run, respectively. The smaller the δ curve value, the more reversible the heating and cooling branches. Fully reversible curves have a δ curve value of zero. Here a value of >10 per cent in δ χ or δ curve will be regarded as an indication of significant magnetic mineralogical alteration.
R E S U LT S

Rock magnetic properties
Downhole magnetic parameters of sediment samples are shown in Fig (Fig. 2) . However, all loops are closed and approach magnetic saturation in a field of ∼300 mT, indicating that the magnetic minerals are dominated by lowcoercivity ferrimagnetic mineral. FORC diagrams of prism sediments (Figs 3i, S2d and e) and underthrust sediments (Figs 3j and S2f) are characterized by contours that start to diverge away from the origin and show a larger spread along the B u axis. Some asymmetry is noticeable. This contour pattern is consistent with the behaviour of typical interacting pseudo-single domain (PSD) magnetic particles (Pike et al. 1999; Roberts et al. 2014) . FORC diagrams for most sheared clays show similar divergent and asymmetrical contours (Figs 3f, g, S1e and g) but B c density maxima are shifted to lower values, compatible with finer particles. All sheared clays present a relatively narrow spreading along the B u axis and a rather confined distribution along the B c axis. Occasionally a central ridge-like distribution along the B c axis is observed (Figs 3h and S1f). This is consistent with a population consisting predominantly of single-domain (SD) magnetite with little magnetic interaction (Egli et al. 2010; Roberts et al. 2014) .
χ -T cycles to stepwise increasingly elevated temperatures
χ -T cycles from room temperature to 700
• C of representative samples are shown in Figs 3k-o, S1i-l and S2g-i. On the heating branches, χ gradually increases to up to approximately 450
• C, which might be due to improved crystallinity as a consequence of the removal of lattice vacancies by the heating and/or detachment of adsorbed iron in clay minerals with neoformation of ferrimagnetic minerals, and decreases to nearly zero at about 580
• C, the Curie temperature of magnetite (Dunlop &Özdemir 1997) . So, magnetite is the dominant magnetic carrier. It is also worth noting that χ is distinctly increasing below 320
• C on the final cooling branch of sample CR17-6 (Figs S1k and S3d), which is consistent with the Curie temperature of pyrrhotite. In general two χ -T types are identified: prism sediments, underthrust sediments and most of sheared clay (i.e. C17R-1, C17R-5, C17R-6 and C17R-9) have a much higher susceptibility during the cooling branches than during the corresponding heating branches (Figs 3m-o, S1i, k, l and S2g-i). In contrast, samples C17R-2 (Fig. 3k) , C17R-4 (Fig. 3l ) and C17R-3 (Fig. S1j) , which are very close to the Faults A and B in the upper part of core 17R (Fig. 1c) show the opposite pattern: their χ values on the cooling branches are clearly lower than on the heating branches. After heating to 700
• C, a small decrease in Fig. 1(c) . Note: Frequency-dependent magnetic susceptibilities were measured at two frequencies, 976 (low) and 15616 Hz (high), with a MFK1-FA Kappabridge susceptometer; thus, here χ fd per cent is 1.6 times that obtained with a Bartington MS2B sensor, which operates at 465 Hz (low frequency) and 4650 Hz (high frequency).
χ is measured, which may due to the partial conversion of magnetite to hematite during the heating. It suggests that sediments close to the faults seem to have been heated to higher temperatures than those further out, which will be further discussed in Section 5.4. The heating and cooling χ -T cycles to increasingly higher temperatures of samples C17R-2, C17R-4 and C17R-9 are shown in Fig. 4 ; the other four samples processed are in Fig. S3 . The heating curves of the next run duplicate the cooling curves of the previous run. The thermochemical alteration is evaluated by the afore-defined alteration parameters δ χ and δ curve . In samples C17R-1 (0.5 cm above Fault A) and C17R-3 and C17R-4 (2.5 cm above and 6.5 cm below Fault B, respectively), the heating and cooling curves for each step are virtually identical (Figs 4b, S3a and b) during cycles up to 500
• C. Both δ χ and δ curve change by just a few per cent. A distinct increase in these parameters is observed when heated to 600
• C (Table 1 , Figs 4e, S3e and f). This indicates that maximum temperature these samples experienced in nature was between 500 and 600
• C. For sample C17R-2, which is 7.5 cm above Fault B, minor changes (<10 per cent) in δ χ and δ curve are observed until heating up to 400
• C (Table 1 , Fig. 4a ). After heating to 500
• C, a significant increase in χ is observed on the cooling branch close to room temperature: δ χ increases to 13 per cent. δ curve does not show yet any substantial increase (Table 1, Fig. 4d ). This would point to a maximum temperature in nature between 400 and 500
• C. Samples C17R-9 (Fig. 4c ) and C17R-6 (Fig. S3d) show already more than 10 per cent change in δ χ when they are heated to 400
• C, although δ curve does not show any substantial increase after a cycle to that temperature. Both δ χ and δ curve are markedly increasing with annealing temperature of 500
• C and higher (Table 1, Figs 4f and  S3h) . This would imply a lower maximum exposure temperature in nature for C17R-6 and -9 than for C17R-1, C17R-2, C17R-3 and C17R-4. The mudstone clast (C17R-5) has a relatively low starting χ , however, a ∼12 per cent of δ χ is observed after it is heated to Table 1 ) before the thermal experiments. The maximum temperatures are subsequently 200, 300, 400, 500, 600 and 700 • C. Red and blue lines indicate heating and cooling runs, respectively. (d-f) Alteration parameters (δ χ : black dots and δ curve : grey diamonds) versus heating temperature during the stepwise heating/cooling cycles. Shaded bands indicate the estimated maximum temperature ranges on basis of that no significant magnetic mineralogical alteration occurred during heating treatment, namely, both of δ χ and δ curve are <10 per cent. The reader is referred to Table 1 and Fig. 1(c) for more details about sample locations.
200
• C (Table 1 , Figs S3c and g ). It may indicate that the clast has never been subjected to heating over 200
• C in nature. Similar thermal behaviour is also observed on two samples from Units 3 and 5, both are ∼2 m away from Unit 4. It indicates that the thermal alteration effects start at a much lower temperature in 'normal' unheated samples than in the sheared samples close to slip surfaces in the Unit 4, which underwent frictional heating during previous earthquakes. Fig. 1(c) . Tauxe et al. (2002) . Numbers adjacent to sample points are suffixes of sample number (C17R-n). The reader is referred to Table 1 and Fig. 1(c) for more details about sample locations.
D I S C U S S I O N
Magnetic minerals and their grain size in the plate-boundary fault zone
Magnetite is the dominant magnetic carrier in all sediment samples. Small amounts of other magnetic minerals are also present in several samples. For example, sheared clays C17R-2, C17R-6, and C17R-9 show a small increase in magnetic susceptibility after heating to 400
• C (Figs 4a, c and S3d), indicating the presence of maghemite or partially maghemitized magnetite, which is reported to transform into magnetite on heating over 300
• C in an argon atmosphere (e.g. Gehring et al. 2009 ). Its occurrence is also supported by the orange-brown and dark-brown colours of the sediment (Fig. 1c) . The identification of pyrrhotite with a Curie temperature of 320
• C in the final cooling branch of sample C17R-6 (Figs S1k and S3d), that is after heating to 700
• C, suggests the presence of Fe-sulphides (e.g. pyrite) in the original sediment. Further, χ peaks at ca. 450
• C on the heating branches for some sheared clays, prism (Unit 3) and underthrust (Unit 5) sediments (Figs 3m-o, S1a, l and S2) might result from detachment of adsorbed iron coatings in clay minerals with neoformation of ferrimagnetic minerals, as evidenced by a significantly increased χ after cooling to room temperature.
On a Day plot (Day et al. 1977) , the magnetic minerals from the frontal prism and underthrust sediments are located in the PSD range (Fig. 5a) , and between the SP(7 nm) + SD and SP(10 nm) + SD mixing curves of Dunlop (2002) . The sheared clay samples (Unit 4) show up at a remarkable position on the Day plot: they move slightly towards to SD field and most of them distribute along the SP(7 nm) + SD mixing curve. This is compatible with their higher χ fd per cent values (Fig. 2) . When plotted on a squareness versus coercivity plot (e.g. Tauxe et al. 2002) , the fault zone samples (Unit 4) show a distinct trend (Fig. 5b) . While the frontal prism (Unit 3) and underthrust (Unit 5) sediments broadly plot on the flower-state-vortex-state trend line, the fault zone samples plot on the cubic SD+SP trend line, consistent with their distribution on the Day plot (Fig. 5a ). The reason for this is not clear at present; we speculate that the rupture slip would reduce the particle size: particles would become fine-grained spherical aggregates. This would result in a reduced uniaxial character of the anisotropy structure in the individual particles, that is the shape dominance would be removed. It is noteworthy that the mudstone clast which has been warmed to lower temperatures (<200
• C) plots in the vortex domain (Fig. 5b) . It is also remarkable that samples in the immediate vicinity of the slip contact (C17R-1 to -4, Fig. 1c ) plot more to the SP end member (i.e. towards to a lower squareness) than those several tens of centimetres away from the slip contact itself but still within the inferred plate-boundary fault zone (C17R-7 to C17R-10). It could be that the former have been more warmed and/or crushed by fault slip than the latter, which would lead to slightly finer particle aggregates. 
Applicability of the rock magnetic 'geothermometer'
The temperature estimation method used here is essentially based on testing the reversibility of heating and cooling branches during χ -T measurements to a set of increasing maximum temperatures. Its success crucially depends on the composition of the rock studied . Most of the paramagnetic and ferrimagnetic Fe-bearing minerals are thermally stable below ∼250
• C (Murad & Wagner 1998; Henry 2007) ; at higher temperatures, some of them will start to alter. For example, siderite, which is a common subsidiary mineral in fault zones, starts to decompose to magnetite at ∼250
• C (e.g. Isambert et al. 2003) . The maximum heating temperature of the furnace attached to a MFK1 susceptometer is 700
• C. Therefore, it is feasible to infer temperatures of seismic frictional heating between 250-300 and 700
• C by progressive χ -T measurements. Here we show by using increments of 100
• C the proof of concept of this approach. Partial χ -T cycles with a smaller temperature increment would be helpful for obtaining more precise temperature estimates. With a dedicated furnace that would enable heating to a higher temperature, also temperatures >700
• C would be subject to scrutiny. If continued reaction would occur between 700 and 800
• C, the χ -T cycle to 700
• C is reversible while that up to 800
• C is emerging by a higher or lower cooling segment below 580
• C, the magnetic ordering temperature of magnetite. Along similar lines, changes in hysteresis loops and their parameters on stepwise heating (Henry et al. 2005 ) would also be a potential 'magnetic geothermometer' to estimate seismic frictional heating temperatures.
Comparison to other frictional heating thermometers
There are several other thermometry techniques available to detect the frictional heating signature of seismic slip within fault zones. Vitrinite reflectance, fission-track, and biomarkers appear particularly promising (d'Alessio et al. 2003; Fulton & Harris 2012; Savage et al. 2014) . Sometimes an approach requires a specific lithology to be applicable: vitrinite reflectance and biomarkers require sediments that contain certain types of organic matter, and fission track requires the presence of uranium-rich inclusions in certain minerals. Vitrinite reflectance, which can sense temperatures over a range from ∼25 to ∼400
• C (Mukhopadhyay 1992) , is only applicable in sedimentary rocks containing woody plant material (Savage et al. 2014) . Shear strain increases the vitrinite reflectance and as such complicates the calibration of the reflectance to temperature (Mastalerz et al. 1993) . Biomarker thermal maturity indices measure the alteration of extractable organic material (e.g. diamondoids and short-chain alkanes) as a consequence of exposure to higher temperatures. It can be employed for investigating heating at a very wide temperature range: from geologic burial temperatures to as high as ∼800 to ∼1000
• C (Polissar et al. 2011; Sheppard et al. 2015) . For a meaningful application, the fault and the surrounding rock should have the same original hydrocarbon population before the slip event(s) (Savage et al. 2014) . It cannot be applied to crystalline rocks and metamorphic rocks with all hydrocarbons destroyed (Savage et al. 2014) . Fission tracks can only image frictional heating at the low temperature end, as fission tracks are 'reset' once temperature is sufficiently elevated (d'Alessio et al. 2003; Polissar et al. 2011) , this is >120
• C for apatite, >250
• C for zircon, and >300
• C for titanite (Garver 2008) . The rock magnetic 'geothermometer' explored here seems to be less lithology-dependent, for example, it can also be applied to volcanic rocks and weakly metamorphic sediments (Hrouda 2003) .
In its present set-up, it senses medium temperature rise from ∼300 to ∼700
• C. Therefore, it would be a complementary tool for detecting temperature rise in a range not covered by other methods. It would also be attractive for certain lithologies which cannot be assessed with more classical thermometry techniques. Future work to better constrain heat generation at a fault during an earthquake, could focus on establishing a kinetic model of thermal transformation of magnetic minerals as well as Fe-bearing clay minerals (which may produce magnetic minerals on heating) that involves the effects of flash temperature and mechanochemical reaction at fast sliding conditions.
Seismic heating signature within the plate-boundary fault zone
The cumulative displacement across the plate boundary at site C0019 is estimated to be ∼3.2 km (Chester et al. 2013b ). The 50 m coseismic slip of the 2011 Tohoku-oki event accounts maximally for only about half of the plate motion since the A.D. 869 Jogan earthquake. So, earlier (large) earthquakes should have caused the remainder, when distributed (aseismic) slip is excluded. The multiple slip surfaces in the upper part of core 17R (Fig. 1c) indicate that seismic slip occurred repeatedly in the deformation history of the plate-boundary fault zone . Besides the latest 2011 event, a series of magnitude (M) 7-class earthquakes have been recorded at the plate-boundary of the Japan Trench during the last several decades, such as the 1968 Tokachi-oki (M w 8.3), 1978 Miyagi-oki (M 7.4), 1994 Sanriku-haruka-oki (M w 7.7), 2005 Miyagi-ken-oki (M w 7.2), 2011 Sanriku-oki (M w 7.4) earthquakes (e.g. Umino et al. 2006; Suito et al. 2011) .
Taking Fault B (Fig. 1c) , for instance, as the slip zone of the 2011 Tohoku-oki event, we modelled temperature evolution within the fault zone on the basis of a 1-D thermal diffusion model with a finite fault thickness (Cardwell et al. 1978 ; see also Supporting information Text S1). According to the model with a shear stress of 0.56 MPa (Fulton et al. 2013 ) and a slip zone of 0.3 cm width , the peak temperature at the slip surface plane is about 800-1000
• C, and the frictional heating rises the sediment's temperature up to ∼300
• C within ∼2 cm of the fault zone (Fig. 6a ). This result is consistent with the modelled maximum temperatures obtained from high-velocity friction experiments conducted by Ujiie et al. (2013) on sheared clays from Unit 4. The experiments were executed with water-saturated clays to mimic nature. Ujiie et al. (2013) determined a maximum temperature of 300
• C for a displacement of 50 m under so-called impermeable conditions (then wall rock is tight so that fluid remains within the gouge zone). A maximum temperature of 800
• C was obtained for a displacement of 35 m, but now in permeable conditions. The wall rock absorbs the fluids to a large extent leading to a drained gouge zone which implies higher friction-induced temperatures. The occurrence of seismic heating is also evident from a temperature anomaly of 0.31
• C centred on the plate-boundary fault zone, measured 16 months after the rupture of 2011 earthquake event (Fulton et al. 2013) .
Elevated temperatures are inferred as well from the presence of cubic SD+SP magnetite in the sheared clays. Seismic frictional heating is interpreted to have induced thermal generation of ferrimagnetic minerals from iron-bearing minerals, such as smectite, which occurs in large amounts in the clays in the plate-boundary fault zone (smectite contents are >70 per cent; Kameda et al. 2015) . In laboratory experiments heating of smectite over 250
• C induces the authigenesis of fine-grained magnetite (Hirt et al. 1993 ). The (Cardwell et al. 1978 , see also Supporting Information Text S1). x = 0 indicates the centre of the slip zone. (b) Maximum temperature rise experienced at different distances to slip zone estimated from the progressive magnetic susceptibility versus temperature measurements. Note that sample C17R-1 might be predominantly associated with slip of Fault A, while samples C17R-2 to C17R-4 would be primarily associated with slip of Fault B. Along similar lines, samples C17R-6 and C17R-9 may be associated with the inferred fault at the lower boundary of mudstone interval or to yet unidentified slip zone(s) (recall that in that interval core recovery is incomplete). Given the high seismic activity in the region, all (inferred) faults express the cumulative effects of multiple earthquake ruptures.
thermally affected magnetic phases within the fault zone are subsequently preserved. Based on our annealing experiments, the maximum natural annealing temperatures are estimated as 400-500
• C in the upper part of the core 17R (Fig. 6b) . In its lower part, the heating signatures with a lower estimated maximum temperature of 300
• C revealed in samples C17R-6 and -9 may hint at the possibility of yet unidentified slip zone(s), like those suggested by Rabinowitz et al. (2015) just below the décollement. It is worthwhile to note that samples closest to fault slip zones (C17R-1: 0.5 cm above Fault A, C17R-3 and -4: 2.5 cm above and 6.5 cm below Fault B, respectively) show a higher estimated temperature (close to 600
• C). This observation is consistent with the diffusion pattern of seismic frictional heating, which decays rapidly with distance from the principal slip surface (Fig. 6a) . As discussed in Section 5.1, another candidate cause for the presence of finer grained magnetite in the sheared clay, especially close to Faults A and B (i.e. samples C17R-1 to -4), is grinding of pre-existing magnetite grains due to the intensive shearing during the high-rate seismic slip.
These seismic friction temperature estimates assume that no significant post-seismic alteration has occurred. Within a fault zone, hydrothermal fluid flow is the most likely process that could alter magnetic mineralogy. However, geochemical analysis of pore waters and well logging revealed no significant active fluid flow along the plate boundary fault (Chester et al. 2013a; Fulton et al. 2013) . We thus can rule out significant post-seismic alterations of the heating-induced magnetic signature. Furthermore, as hydrous clays (>60 per cent) dominate the fault zone (Kameda et al. 2015) , their endothermic dehydration reactions (e.g. Hirono et al. 2008) are estimated to consume 10-50 per cent of the total mechanical energy input by seismic slip (Brantut et al. 2011) . They thus attenuate the temperature rise in the fault zone. These would explain the large discrepancies between the modelled peak temperatures that only consider thermal conduction and assign the total 50 m coseismic slip to only one fault (Fig. 6a) and those estimated from the magnetic analysis (Fig. 6b) . Further, rather than the plate-boundary fault (Unit 4), several candidate faults above and below have recently been proposed to have accommodated the 2011 Tohoku-oki earthquake (Rabinowitz et al. 2015) . It remains hard and often (near to) impossible to relate a certain slip zone to a specific earthquake event.
The inferred temperatures here should be considered as maximum temperatures reached in nature, that is they are upper bounds. It is hard to extract the cumulative nature of a multitude of earthquakes rupturing along a certain slip zone. Also, a rather large temperature increment (100
• C) was used here during the progressive χ -T measurements. Nonetheless, the measurements provide thermal evidence of previous earthquakes that occurred at the plate-boundary of the Japan Trench, as well as constraints for understanding how their energy was dissipated. Importantly, it illustrates the validity of the proof of concept of the suggested rock magnetic 'geothermometer' in seismic fault zones. Other workers are encouraged to apply it to other seismic fault zones, and compare it with other geothermometers. As most geothermometers are sensitive to certain temperature intervals and effective in certain lithologies, combined application of several thermometers would yield a most robust picture of seismic frictional heating.
C O N C L U S I O N S
Stepwise progressive magnetic susceptibility versus temperature measurements were conducted on sheared clay from the Japan Trench subduction plate-boundary décollement, that is considered to have accommodated the large coseismic slip of the 2011 M w 9.0 Tohoku-oki earthquake. Results revealed seismic heating signatures with estimated temperatures of 300-500
• C close to multiple localized slip surfaces. They provide reasonably robust thermal records of previous earthquake slip events that occurred within the plateboundary fault zone. This offers thermal boundary constraints for studies into the physical and chemical processes in décollement zone. It also demonstrates that this magnetic method can be used as a fault zone 'geothermometer' to determine medium temperature rise associated with earthquake slip. It would be a promising complementary approach for temperature ranges not covered by other methods. Further, the method seems less dependent on lithology requirements in fault zones when compared to more classical thermometry techniques (e.g. hydrocarbons for biomarker thermal maturity, woody organic matter for vitrinite reflectance). 
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A P P E N D I X : G L O S S A RY
Trace amounts of so-called magnetic minerals occur in essentially every geological material. More common natural magnetic minerals constitute several iron oxides (magnetite, maghemite, hematite and goethite) and some iron sulfides (pyrrhotite and greigite). Classically, palaeomagnetism involves a directional analysis of the ancient remanent magnetic moment referred to as natural remanent magnetization (NRM) that is locked into a rock during or shortly after its formation. This enables reconstruction of the palaeolatitude of rock formations under scrunity and determines whether or not vertical-axis rotation has occurred, both providing important boundary constraints for geological reconstructions.
The interpretation made in this contribution is based on a detailed evaluation of the magnetic properties of the rocks under investigation (there is no information on NRM behaviour). Some of these magnetic properties are dependent on the grain size of the magnetic particles because that is tied to the magnetic domain configuration in such particles. Next to information on the concentration of magnetic minerals, an analysis of grain size effects offers insight into to the geological processes that have affected the magnetic particle suite. Iron, a redox-sensitive element, can be mobilized during changes in the redox state in a rock sequence due to the action of fluids. At the same time such fluids can leach magnetic minerals or induce their precipitation. Rock or mineral magnetic methods offer four assets: (1) they can be applied to relatively large samples so unveal information typical of the entire rock, (2) they are grain size dependent so that fragmentation or grain growth of magnetic minerals can be quantified, (3) they are sensitive-strongly magnetic minerals can be measured down to the ppm level and (4) they are comparatively quick so that a fair amount of samples can be processed within a reasonable time.
Magnetic properties vary as a function of temperature and applied magnetic fields. Above a certain temperature, the magnetic ordering temperature or Curie temperature, collective magnetic coupling is removed by the action of thermal vibration of the crystal structure and all previous magnetic information is lost. Each magnetic mineral has a specific Curie temperature so its measurement reveals magnetic mineralogy. By studying the response of a sample to varying applied fields at a given temperature, usually room temperature, grain size dependent information can be retrieved. This is because various types of magnetic domain structures are dependent on particle size and they respond differently to applied magnetic fields. Extremely small particles (<30 nm for magnetite at room temperature) cannot retain a stable magnetic structure, small single domain particles (30-80 nm for equant magnetite at room temperature) are extremely stable. With larger sizes the magnetic stability decreases.
Below we provide a concise explanation of the technical terms used in this contribution. Textbooks on palaeomagnetism include Tauxe (2010) , on rock magnetism Dunlop &Özdemir (1997) and on environmental magnetism, the study of magnetic properties applied to geological materials, Evans & Heller (2003) . Useful review papers on various aspects of magnetic minerals include Hunt et al. (1995) , Verosub & Roberts (1995) , Dekkers (1997) , Roberts et al. (2011 ), Liu et al. (2012 , Roberts et al. (2014) , Roberts (2015) and Heslop (2015) .
Anisotropy of (low-field) magnetic susceptibility (AMS): A property of a material whereby identical alternating magnetic fields with a field strength of up to several times the Earth's magnetic field are applied in different directions to a sample. This produces an anisotropic, a slightly different induced magnetization as function of orientation. AMS reflects the statistical alignment of crystallographic directions and/or shape in platy or elongate grains.
Coercive force (B c ), coercivity of remanence (B cr ): see hysteresis loops.
Curie temperature (T c ): As temperature increases in a ferromagnetic (sensu lato) material, interatomic distances increase, and the magnetic exchange interaction that describes the collective ordering of atomic magnetic moments, becomes weaker. At T c , thermal energy overcomes the exchange energy, and individual atomic magnetic moments become independent (they lose their long-range ordering) so that the material becomes paramagnetic. Named after the French physicist Pierre Curie .
Ferrimagnetic: A state of magnetic order in which two ferromagnetic sublattices of unequal magnitude are aligned antiparallel to each other.
First-order reversal curve (FORC) diagrams: FORCs are partial hysteresis loops determined with the following procedure: (1) a positive saturation field is applied; (2) the field is ramped down to a lower reversal field; (3) the magnetization of the sample is measured while the applied field is ramped upward to positive saturation again. A series of FORCs is measured for a set of reversal fields that are increasingly away from positive saturation, and a FORC distribution is calculated as the mixed second derivative of magnetization with respect to field spacing; it is displayed in a so-called FORC diagram. FORC diagrams provide information about the distribution of switching fields (i.e. coercivities) and interaction fields for all magnetic particles that contribute to a hysteresis loop. They are widely used to characterize samples in rock and mineral magnetism.
Frequency dependent susceptibility: The difference between susceptibility measurements made at two frequencies (e.g. low 0.47 kHz, high 4.7 kHz). This measurement denotes the presence of magnetically 'viscous' ferrimagnetic (magnetite or maghaemite) grains lying at the stable single domain (SSD)/superparamagnetic (SP) boundary and their delayed response to the magnetizing field.
Hysteresis parameters: see magnetic hysteresis loop and parameters.
Magnetic domain: A portion of a ferromagnetic/ferrimagnetic material in which the atomic magnetic moments are aligned. In a magnetic material, magnetic domains serve to reduce the magnetostatic energy due to the aligned spontaneous magnetization. Fine magnetic grains are single domain and larger grains contain several magnetic domains. The magnetic domains form a structure in which the magnetic moments of individual magnetic domains cancel each other out as much as possible. As a result, the spontaneous magnetization of the overall magnetic body is reduced, leading to a lower magnetostatic energy state which represents a stable configuration.
Magnetic susceptibility: A measure of the ease with which a substance can be magnetized in small, Earth-like, applied magnetic fields. The magnetic moment divided by the field strength in units of H (i.e. A m -1 ) is the susceptibility. Volume susceptibility (κ) is the induced magnetization per unit volume divided by the field strength, and is a dimensionless quantity. Mass specific susceptibility (χ ) is the magnetic moment expressed per unit of mass divided by the field strength; it has units of m 3 kg -1 , that is the inverse of the specific density of a material. Magnetic susceptibility depends principally on the type and concentration of magnetic minerals in a sample; grain-size dependence is marginal (with the exception of superparamagnetism).
Magnetic remanence: Magnetization that persists in the absence of an applied magnetic field. It differs from induced magnetization that disappears on removal of an applied field.
Magnetic hysteresis loop and parameters: A hysteresis loop results when the in-field magnetization of a sample is measured as the inducing field is cycled between high positive and negative values. A hysteresis loop can be obtained at any temperature; most hysteresis loops are acquired at room temperature. The shape of the hysteresis loop yields pertinent information about the magnetic mineral(s) present in a sample and, most importantly on their grain size. The maximum induced magnetization that can be induced in a sample is termed the saturation magnetization (M s ). The corresponding remanence, when the applied field is reduced to zero, is the saturation remanence (M rs ), and the reversed magnetic field required to reduce the magnetization to zero is the coercive force (B c ). The coercivity of remanence (B cr ): The direct reversed magnetic field required to demagnetize to zero the saturation remanent magnetization that was imparted in the opposite direction.
Magnetic mineral: Minerals that are able to retain permanent magnetism at room temperature. In nature, these are restricted to several iron oxides and a few iron sulphides.
Magnetic saturation: The maximum magnetic moment a sample can achieve. Increasing the field strength even further does not impart a higher magnetic moment.
Magnetostatic interactions: When magnetic particles are located sufficiently close to each other, their magnetic fields will interact. The interaction field depends on the configuration of neighbouring particles and will be stronger if more adjacent particles are at Universiteitsbibliotheek Utrecht on October 17, 2016 magnetized in the same direction. Magnetostatic interactions are an important factor to explain the magnetic properties of closelyspaced aggregates or intergrown magnetic particles in earth materials.
Multidomain (MD):
With increasing size, its magnetostatic energy increases. In order to minimize this energy, a particle will begin to nucleate domain walls at a critical grain size threshold. These walls divide the particle into two or more magnetic volumes or domains. The magnetization is uniform in each domain, but it differs in direction from domain to domain.
Paramagnetism: The magnetic state in materials with uncompensated electron spins that do not behave collectively, that is each free electron spin is an individual atomic magnet. In an applied magnetic field these moments will partially align to that applied field: a paramagnetic material will be magnetized in the direction of its inducing magnetic field. When the field is removed, the induced magnetic moment disappears instantaneously.
Pseudo-single-domain (PSD): A magnetic structure that is intermediate between the single-domain (SD) and multidomain states. A PSD particle contains more than one domain (up to ∼7-10) but exhibits many of the stable magnetic properties typical of SD particles.
Saturation magnetization (M s ), saturation remanence (M rs
Single-domain (SD): A uniformly magnetized magnetic particle with a single magnetic domain. In most ferro-and ferrimagnetic minerals, stable SD (SSD) grains are extremely small (the SD size range in magnetite is ∼30-80 nm).
Superparamagnetism (SP):
Class of magnetic behaviour exhibited by very small particles (<30 nm in magnetite at room temperature) with relaxation times (magnetic decay time equivalent to the half-life of radioactive elements) of laboratory time scales (typically <100 s). For these particles, atomic magnetic moments align in low, Earth-like, applied magnetic fields to produce a strong induced magnetization that can be rapidly destroyed by thermal vibration soon after removing the field (seconds to minutes).
Temperature dependence of magnetic susceptibility (χ -T): Measurement of magnetic susceptibility while heating up to certain temperatures and during subsequent cooling. This experiment provides useful information about the magnetic minerals and their evolution upon heating; particularly thermochemical changes can be evaluated. Also referred to as thermomagnetic cycling or thermomagnetic analysis.
